1. Introduction {#sec1-ijms-20-03907}
===============

Fragile X syndrome (FXS) is a leading single-gene cause of inherited intellectual disability (ID), with a prevalence of up to 1 in 4000 \[[@B1-ijms-20-03907]\]. The vast majority (\~90%) of males affected by FXS, and \~50% of females, show autism spectrum disorder (ASD) features, including speech perseveration, compulsions, echolalia, repetitive behaviors, poor eye contact, and deficits in social communication \[[@B2-ijms-20-03907],[@B3-ijms-20-03907],[@B4-ijms-20-03907],[@B5-ijms-20-03907]\]. Many of these features are shared with idiopathic ASD \[[@B6-ijms-20-03907]\]. The primary molecular cause of FXS is abnormal regulation of the fragile X mental retardation 1 (*FMR1*) gene due to the presence of ≥200 cytosine-guanine-guanine (CGG) repeats, termed full mutation (FM), within the *FMR1* promoter (reviewed in Kraan et al. \[[@B7-ijms-20-03907]\]). These FM alleles are thought to silence *FMR1* transcription \[[@B8-ijms-20-03907],[@B9-ijms-20-03907],[@B10-ijms-20-03907],[@B11-ijms-20-03907],[@B12-ijms-20-03907]\] through epigenetic changes at the *FMR1* promoter, including increased DNA methylation. Loss of *FMR1* mRNA in turn leads to depletion of the fragile X mental retardation protein (FMRP) \[[@B13-ijms-20-03907],[@B14-ijms-20-03907],[@B15-ijms-20-03907],[@B16-ijms-20-03907]\], which is the primary cause of FXS symptomology, as FMRP has a critical function in synaptic plasticity and normal brain development \[[@B17-ijms-20-03907],[@B18-ijms-20-03907],[@B19-ijms-20-03907],[@B20-ijms-20-03907],[@B21-ijms-20-03907]\].

In contrast, smaller CGG alleles (55--199 repeats), termed premutation (PM), usually have an unmethylated *FMR1* promoter, but abnormally increased levels of expanded PM mRNA \[[@B22-ijms-20-03907],[@B23-ijms-20-03907]\]. In some PM carriers, the transcription of *FMR1* mRNA from expanded alleles has been associated with "RNA gain of function" toxicity, implicated in late onset disorders such as Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) \[[@B22-ijms-20-03907],[@B23-ijms-20-03907]\]. Other factors proposed to contribute to PM-related disorders are expanded repeat associated non-AUG translation, and increased transcription of *ASFMR1/FMR4* originating from the same locus as *FMR1* (reviewed in Kraan et al. \[[@B7-ijms-20-03907]\]). In FXS, these mechanisms have not been comprehensively studied, but may explain significant variability in the type and severity of the FXS phenotype, beyond FMRP deficiency. This is consistent with our recent study suggesting that, in the majority (60%) of FXS males, FM mRNA can still be detected, and that this incomplete silencing in males \<19 years of age is associated with more severe autism features, but not more severe ID \[[@B6-ijms-20-03907]\]. This led us to propose that FXS can be stratified based on complete and incomplete silencing, with the two reciprocal mechanisms of RNA toxicity and FMRP deficiency contributing to overlapping aspects of FXS, namely the ID and autism phenotype in each individual that has incomplete silencing. This is particularly important as mosaicism for active and inactive expanded alleles may be more common than previously reported (10% to 40%) \[[@B5-ijms-20-03907],[@B11-ijms-20-03907],[@B15-ijms-20-03907],[@B24-ijms-20-03907],[@B25-ijms-20-03907],[@B26-ijms-20-03907],[@B27-ijms-20-03907],[@B28-ijms-20-03907],[@B29-ijms-20-03907]\], based on the detection of *FMR1* mRNA in more than 60% of FM males \[[@B6-ijms-20-03907]\]. The difference of \>20% in the reported prevalence of mosaicism in FXS by Southern blot analysis as opposed to incomplete *FMR1* silencing detected by real-time PCR \[[@B6-ijms-20-03907]\], is likely due to the limited analytical sensitivity of methylation-sensitive Southern blot analysis (the 'gold standard' FXS diagnostic test used in earlier studies) that does not detect mosaic alleles in less than 20% of cells \[[@B26-ijms-20-03907]\]. Extreme examples of low level methylation mosaicism found in \<20% of cells have previously been described in rare adult individuals with unmethylated FM (UFM) alleles that typically have mild ID (but are at risk of premutation phenotypes such as FXTAS) \[[@B30-ijms-20-03907]\].

This study, for the first time, describes two brothers with UFM alleles detected by Southern blot analysis in a pediatric setting. Based on non-verbal intellectual functioning assessments, the brothers are 'higher functioning' compared to typical FXS, but have autism features ranging from mild to severe. The detailed clinical and molecular follow-up is described. This includes the detection of low-level mosaicism for methylated PM and FM alleles in different tissues. The CGG sizing and *FMR1* mRNA analysis of the two brothers are also compared with family members ascertained through cascade testing, typical FXS, age-matched children with PM, and typically developing (TD) controls.

2. Results {#sec2-ijms-20-03907}
==========

2.1. Medical History {#sec2dot1-ijms-20-03907}
--------------------

B1 was born at term after an uncomplicated pregnancy and delivery. His parents became concerned with his development from an early age. He had extreme shyness, disliked new social circumstances, avoided some physical contact, and had limited eye contact. He was difficult to settle and he was often irritable and upset. His early motor milestones were normal, but language was significantly delayed. A clinical evaluation with the Griffiths Mental Developmental Scales, Extended Revised led to a diagnosis of mild global developmental delay, with significant difficulties with language and play skills. Fragile X testing by Southern blot analysis of DNA extracted from blood and microarray analysis were performed at the age of 3 years. Southern blot analysis detected an abnormal 1.42 kb pfxa3 fragment equivalent to approximately 170 CGG repeats expansion. No pathogenic copy number variants (ISCA 60K) were identified through a chromosomal microarray. The results of psychometric testing (Stanford-Binet Intelligence Scales 5th Edition) \[[@B31-ijms-20-03907]\] at the age of 4.5 years were consistent with a mild ID, with relative strengths in nonverbal abilities. The Adaptive Behavioural Assessment System (ABAS-II) results indicated a mild deficit in everyday functioning. He was treated with fluoxetine, which improved his social anxiety. After B1's fragile X genetic testing, cascade testing was carried out for other family members. The mother of both brothers was found to have a 74 CGG expanded allele; the maternal half-sister, maternal aunt, and maternal grandfather were also all identified as having a PM allele ([Figure 1](#ijms-20-03907-f001){ref-type="fig"}A).

B2 is the younger brother of B1, who is a dizygous twin. The twins were conceived before the *FMR1* CGG expansion was identified in B1. B2 and his twin brother were delivered at term by elective caesarean section, in good condition after a pregnancy complicated by gestational hypertension. The twins were admitted for two days in the newborn nursery for blood sugar instability and required intravenous fluids. However, there were no ongoing neonatal concerns and the boys were discharged home on day four of life. There were no concerns about B2′s development in the first year of life; he fed and slept well and all his motor milestones were in the normal range. He had surgery for left cryptorchidism, but his medical history was otherwise unremarkable. B2′s mother became concerned about his development and behaviour around two years of age. Although B2 did not have typical craniofacial features of fragile X syndrome, he had a slightly longer face than his twin brother, which was visible at the time of assessment ([Figure 1](#ijms-20-03907-f001){ref-type="fig"}C) and also more recently ([Figure 1](#ijms-20-03907-f001){ref-type="fig"}D). He was normocephalic, had a normal tone and power, with a normal gait, and did not have joint hypermobility. At 9 months of age, fragile X PCR with AmplideX commercial kit was performed on their DNA extracted from blood, which identified a normal triplet repeat size (29 CGG repeats) in one of the twins, but a 174 PM CGG repeats expansion in B2.

2.2. Extended FMR1 CGG Testing {#sec2dot2-ijms-20-03907}
------------------------------

Extended *FMR1* testing was initiated to test the hypothesis that the neurodevelopmental phenotypes in B1 and B2 were due to the presence of FM alleles in tissues other than blood. For these extended studies, B1 and B2 were recruited into the FREE FX study at 5.6 and 2.7 years of age, respectively, but were not included in previous FREE FX study publications due to uncertainty about molecular diagnosis \[[@B6-ijms-20-03907]\].

In blood, methylation-sensitive Southern blot analysis demonstrated the presence of unmethylated alleles of 190 CGGs in B1 and 223 CGGs in B2 ([Figure 1](#ijms-20-03907-f001){ref-type="fig"}B). These results are consistent with those previously reported for rare 'high functioning' FXS males with fully unmethylated FM alleles \[[@B32-ijms-20-03907],[@B33-ijms-20-03907],[@B34-ijms-20-03907]\]. AmplideX testing of blood at the time of the FREE FX study assessments showed an allele of 168 CGGs in B1, while for B2, there were three alleles detected of 165, 185, and 199 CGGs ([Figure 2](#ijms-20-03907-f002){ref-type="fig"}B). AmplideX CGG sizing analysis in tissues other than blood showed that for B1, CGG sizing in saliva was consistent with that in blood. However, in fibroblasts, the sizing was different, with mosaicism for 140 CGG and 156 CGG alleles detected. In contrast, for B2, all alleles in the PM range were consistent between the tissues tested. However, for B2, in buccal epithelial cells (BEC) and saliva, FM alleles were also detected, which were not identified in blood. Subsequently, B2 received a molecular diagnosis of FXS that was not initially given by standard testing of blood.

The variability in CGG sizing between tissues was also investigated in both brothers using FastFraX 5′ and 3′ melting curve analysis (MCA) assays, using samples from C1 (cousin, as reference) \[[@B35-ijms-20-03907]\]. Surprisingly, there was no amplification by the 3′ MCA assay in B1 and B2, while amplification occurred by 3′ MCA for C1, with the 5′ MCA performed on the same samples from B1, B2, and C1 displaying amplification, as expected ([Supplemental Figure S1](#app1-ijms-20-03907){ref-type="app"}). This suggested that one of the primer sites for the 3′ MCA assay had a de novo sequence change of unknown significance in all tissues tested in both brothers that prevented primer binding and amplification, but not in their cousin. As a follow-up, sanger sequencing of the 3′ MCA *FMR1* exon 1 binding site inclusive of the ATG translation start site, and surrounding regions, was performed. However, no sequence variants were detected in both brothers compared to controls ([Supplemental Figures S3 and S4](#app1-ijms-20-03907){ref-type="app"}). This suggested that a de novo sequence change was present for the binding site of the primer anchored at the 3′ end of the CGG repeat, rather than the primer overlapping with the ATG site within the exon 1.

2.3. FMR1 Methylation and Gene Expression Analyses {#sec2dot3-ijms-20-03907}
--------------------------------------------------

Methylation analysis using Methylation-Specific Quantitative Melt Analysis (MS-QMA) identified methylated alleles in both brothers in multiple tissues ([Figure 3](#ijms-20-03907-f003){ref-type="fig"}A,B) that were not present in 17 control males and 14 PM males co-run with these samples. However, the methylated peaks of \~5% in both brothers did overlap with those found in 41 FM only males and 18 typical PM/FM mosaics also co-run with the B1 and B2 samples ([Supplemental Figure S2](#app1-ijms-20-03907){ref-type="app"}). The levels observed in both brothers were also consistent with those of the spiking reference sample, which contained 6% methylated FM and 94% unmethylated normal size male DNA ([Figure 3](#ijms-20-03907-f003){ref-type="fig"}C). Presence of the unmethylated expanded alleles in the majority of cells was consistent with *FMR1* mRNA analyses in blood for both brothers ([Figure 4](#ijms-20-03907-f004){ref-type="fig"}), where the levels in both brothers were \~5 fold higher than the levels observed in male and female controls. Interestingly, of the 13 PM male reference samples (most children or adolescents), only one had analogous *FMR1* mRNA levels. None of the FM only or PM/FM mosaic males had mRNA levels remotely close to those observed in the brothers, with the C1 PM (66 CGGs) cousin having mRNA levels just above the control range.

2.4. Neurodevelopmental Outcomes at the Time of Recruitment {#sec2dot4-ijms-20-03907}
-----------------------------------------------------------

In B1, the cognitive assessment as part of the FREE FX study highlighted receptive language difficulties, which greatly influenced his performance in the IQ test. He showed significant variability in his cognitive abilities. His verbal skills were a cognitive weakness, reflected in his verbal IQ (VIQ) score of 72 falling in the borderline range. His overall nonverbal problem-solving skills were in the low average range, with a performance IQ (PIQ) score of 84. His processing speed index (PSI) score was 71, which fell in the borderline range. His overall intellectual functioning, as reflected in the Full Scale IQ (FSIQ), was 77. Based on the Autism Diagnostic Observation Schedule Second Edition (ADOS-2) assessment, B1 met the cut-off for autism spectrum, with an overall ADOS-2 calibrated severity score (CSS) of 4. His Social Affect (SA) CSS was 3 (non-spectrum range), whilst his Restricted and Repetitive Behavior (RRB) CSS was 6 (autism range). B1's scores on the Child Behavior Checklist (CBCL) were in the normal range for the Total Problem and Externalizing problem scales, but fell in the borderline range for the Internalizing problems scale. Moreover, the Pervasive Developmental Problems subscale score fell in the clinical range and the Withdrawn subscale score fell in the borderline range. At the time of the research assessment, B1 was enrolled in a small mainstream primary school with additional learning support. He was reported to play alongside other children and although still shy, he did not have any major challenging behaviours. He had no seizures and was taking 2 mg/day of sertraline.

During assessment, as part of the FREE FX study, B2 predominantly used non-word vocalizations and jabbering; although on a number of occasions, he used single words and word approximations. Moreover, his formal developmental assessment with the Mullen Scales of Early Learning (MSEL) showed that his receptive and expressive language skills were respectively similar to that expected of an infant aged 10 and 17 months old, a marked discrepancy from his chronological age (31 months). He did not obtain a valid score (T ≥ 20) on the receptive language subdomain of the MSEL; a further indication of the significant impairment in this area. B2′s ratio VIQ \[[@B36-ijms-20-03907]\] was 44. In contrast, his performance in tasks assessing visual reception and fine motor skills was much better, obtaining age equivalents of 25 and 20 months, respectively, and a ratio non-verbal IQ (NVIQ) of 73. His overall MSEL Early Learning Composite score (using a default minimum T score of 20 for his Receptive Language domain) was 56, more than three standard deviations below the mean score (mean = 100; SD = 15) of similar aged peers, indicating a significant developmental delay. B2′s difficulties with social communication, his engagement in sensory seeking and repetitive behaviours, and restricted interests observed during the ADOS-2 assessment led to an ADOS-2 classification of autism, with an overall ADOS CSS of 7. His SA CSS score of 5 fell in the autism spectrum range, whereas his RRB CSS of 10 fell in the autism range, the highest severity level for this domain for children with ASD of his age and verbal abilities. B2′s CBCL Total, Internalizing, and Externalizing problem scales scores were all in the normal range. However, his score in the Withdrawn and Pervasive Developmental Problems subscales fell in the clinical range. His mother reported significant concerns regarding his very limited speech and social anxiety.

3. Discussion {#sec3-ijms-20-03907}
=============

This study describes two young brothers with expanded *FMR1* alleles, who were 'higher functioning' based on intellectual functioning assessments compared to a typical FXS cohort reported in previous studies \[[@B6-ijms-20-03907]\]. Specifically, B1 had a PIQ score three standard deviations above the mean of the FREE FX typical FXS male cohort, while B2 had a non-verbal (NVIQ) score that was nearly two standard deviations above the same mean. Regarding VIQ, B1′s score was 1 SD greater than the FXS group mean, while B2 fell within 1 SD of the typical FXS cases on this measure. B2′s greater difficulties with expressive and receptive language skills may be closely linked to his more severe autism phenotype. In contrast, B1 presented mild autism features, though still met the ADOS-2 cut-off for autism spectrum. Based on methylation-sensitive Southern blot analysis of blood DNA, both brothers have been described as having UFM alleles approaching 200 CGGs in blood. Previous studies have described adults with similar Southern blot profiles, explaining their higher intellectual functioning through the *FMR1* promoter being completely unmethylated and expressing *FMR1* FM mRNA and FMRP \[[@B32-ijms-20-03907],[@B33-ijms-20-03907],[@B34-ijms-20-03907]\]. These adult males with unmethylated alleles (FM and PM/FM mosaic) and incomplete silencing of *FMR1* mRNA from expanded FM alleles are at risk of FXTAS, based on clinical assessments and magnetic resonance imaging (MRI) features \[[@B30-ijms-20-03907],[@B37-ijms-20-03907],[@B38-ijms-20-03907]\]. In these studies, it was hypothesized that expression of the UFM RNA is a contributor to the neurodegenerative features observed in some adults, through the same RNA toxicity mechanism as in PM-related disorders. However, the interplay between intellectual functioning and autism severity in the pediatric setting has not previously been characterized in individuals with UFM alleles.

In this study, additional molecular analyses with more sensitive techniques, such as MS-QMA and AmplideX PCR, indicate that a small proportion of cells in blood and other tissues have methylated PM and FM alleles that were not detected by Southern blot analysis. These findings are partly consistent with a previous study examining tissue heterogeneity in *FMR1* methylation and CGG size post-mortem, in a 79-year-old 'high-functioning' male with unmethylated PM and FM alleles detected in blood by Southern blot analysis \[[@B34-ijms-20-03907]\]. In this male, a complete unmethylated PM/FM allele smear was found in blood by Southern blot analysis; however, in multiple other tissues, including the parietal lobe, methylated FM alleles were detected. Together, this suggests that the detection of methylated alleles varies with the tissue tested and the analytical sensitivity of the technique used. With the addition of more sensitive technologies to complement Southern blot analysis, the UFM classification in some of these cases is likely to be replaced with the term 'low-level methylation mosaicism'. Moreover, these males with low-level somatic mosaicism may not be as uncommon as previously thought. One reason for this may be that these unmethylated alleles are somatically unstable, with a significant proportion of these cases that have retraction down to a normal repeat size currently not being detected by standard testing \[[@B26-ijms-20-03907]\].

It is also important to note that based on CGG sizing and methylation analysis of multiple tissues, B1 was found to have multiple methylated alleles in the PM range in a small proportion of cells (e.g., 170 CGG repeats in blood, but 140 and 156 CGG alleles in fibroblasts). This is consistent with an earlier study \[[@B26-ijms-20-03907]\] that also reported a male with a methylated PM allele of 110 CGG repeats, in the absence of an FM, with a FSIQ value of 46. Together, this suggests that as part of somatic retraction below an FM allele size, some alleles may remain methylated in a proportion of cells, and may not be fully functional, with this proportion and CGG sizing differing between tissues. For the two brothers, however, the RNA toxicity, rather than FMRP deficiency, is likely to be the primary factor contributing to the autism phenotype. This is consistent with FM RNA levels being \~5 fold greater than in the reference sample of typically developing controls, PM/FM mosaic and FM only males affected with FXS, and the PM cousin (C1) with 66 CGGs. This is also consistent with our earlier study showing that FM males with incomplete silencing of *FMR1* had more severe autism features compared to the FM group where *FMR1* mRNA could not be detected \[[@B6-ijms-20-03907]\].

This study also detected a potential sequence variant in the *FMR1* promoter overlapping with the 3′ MCA FastFraX primer binding site at the 3′ end of the CGG repeat. While the functional and clinical significance of this potential variant is uncertain, it did not inhibit *FMR1* transcription in both brothers. Similarly, previous studies have reported a sequence variant located next to the CGG repeat in FXS individuals displaying somatic retractions \[[@B30-ijms-20-03907]\]. The loss of primer binding sites that may be associated with somatic retraction is an important limitation of all standard and long-range PCR-based methods, including AmplideX and FastFraX, as it may lead to expanded alleles being missed or not amplified, as demonstrated by the 3′ MCA assay for both brothers in this study, and for AmplideX previously \[[@B30-ijms-20-03907]\].

In summary, the study reports two brothers with low-level methylation mosaicism not detected by standard testing in blood, who may be mistaken for males with rare UFM alleles, when based alone on Southern blot analysis of blood DNA. Moreover, in both brothers, *FMR1* mRNA levels were increased \~5-fold compared to typical developing controls, and significantly above the levels reported from PM, FM only, and PM/FM mosaic male cohorts from a previous study \[[@B6-ijms-20-03907]\]. The abnormally elevated levels of *FMR1* mRNA in the two brothers may have led to *FMR1* mRNA-related cellular "toxicity". It is plausible that an FXS patho-mechanism exists whereby active unmethylated FM and/or PM alleles lead to the expression of toxic expanded mRNA in some cells, in conjunction with possible reduced *FMR1* mRNA and FMRP levels in other cells with *FMR1* methylation detected by MS-QMA. A combination of these two mechanisms in different cells may contribute to the brothers' neurodevelopmental problems, including the elevated ASD symptoms. This hypothesis is also in line with the findings reported by Baker et al. \[[@B6-ijms-20-03907]\] showing that males with FM-only CGG expansions (aged \< 19 years), who expressed FM *FMR1* mRNA, had significantly more severe ASD symptoms measured with the ADOS-2 compared to males with FM-only alleles who had completely silenced *FMR1*. The main limitations of this study are that the FMRP levels in blood and direct sequencing of the 3′ MCA binding site, anchored at the 5′ end of the CGG repeat, suspected to be modified in both brothers, have not been tested and performed. Future studies will address these limitations to shed light on the effect of the potential 3′ MCA variant (to be confirmed through DNA sequencing) on FMRP structure and function, and possibly further explain the phenotype presented by these two young children.

4. Materials and Methods {#sec4-ijms-20-03907}
========================

4.1. Ethics Approval and Consent {#sec4dot1-ijms-20-03907}
--------------------------------

All aspects of this study have received ethical approval by The Royal Children's Hospital Human Research Ethics Committee (Single Site Reference numbers: HREC 34227, HREC 33066---Multi site HREC Reference Number: HREC/13/RCHM/24, approved on 24 May 2013).

4.2. Recruitment and Assessments {#sec4dot2-ijms-20-03907}
--------------------------------

Affected family members include two brothers, B1, age 5.6 years, and B2, age 2.7 years, and their cousin C1, age 3.4 years. All were recruited through their clinical geneticist into the FREE FX study \[[@B6-ijms-20-03907]\]. As part of the FREE FX study, the brothers' neurodevelopmental outcomes were evaluated through a medical and developmental history questionnaire prepared ad hoc for this study, the ADOS-2 (Module 2 for B1 and Module 1 for B2) \[[@B39-ijms-20-03907]\], the Wechsler Preschool and Primary Scale of Intelligence--Third Edition (WPPSI-III) (Australian) (B1) \[[@B40-ijms-20-03907]\], MSEL (B2) \[[@B41-ijms-20-03907]\], and CBCL \[[@B42-ijms-20-03907]\]. Both brothers' and their cousin's buccal epithelial cells, saliva, and venous blood samples were collected at the time of their participation in the study. A skin biopsy for genetic testing on fibroblasts was performed on B1, as part of his clinical care. Molecular data for positive and negative control cohorts used as reference data in this study were analysed previously \[[@B6-ijms-20-03907],[@B43-ijms-20-03907],[@B44-ijms-20-03907]\] and from a newly recruited control and PM participants as part of the FREE FX study.

4.3. Sample Processing {#sec4dot3-ijms-20-03907}
----------------------

Up to four BEC samples were collected per participant using the Master Amp Buccal Swab Brush kit (Epicentre Technologies, Madison, WI, USA), as previously described \[[@B45-ijms-20-03907]\]. A single saliva sample was collected for each participant using the Oragene^®^ DNA Self-Collection Kit (DNA Genotek, Global) and was processed as per the manufacturer's instructions. As part of a clinical genetic follow-up, and not as part of his involvement in the FREE FX study, a skin biopsy was performed for B1 to obtain fibroblasts. The DNA extracts were evaluated using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Foster City, CA, USA). Ten ml of venous blood, from B1 and B2 and from two control male participants (aged 7.6 and 8.1 years, respectively), was used for peripheral blood mononuclear cell (PBMC) isolation using Ficoll gradient separation \[[@B46-ijms-20-03907]\]. Isolated PBMCs were used for RNA extraction (RNeasy kit; Qiagen Inc., Hilden Germany) for gene expression analyses \[[@B46-ijms-20-03907]\]. Total RNA extraction, purification, and reverse transcription were performed as previously described \[[@B47-ijms-20-03907]\].

4.4. Methylation Specific-Quantitative Melt Analysis (MS-QMA) {#sec4dot4-ijms-20-03907}
-------------------------------------------------------------

DNA samples were extracted from BEC, saliva, venous blood, and fibroblasts, and transferred into 96-well plates to be treated with sodium bisulphite. An EZ DNA Methylation-Gold^TM^ kit (Zymo research, Irvine, CA, USA) was used to bisulphite convert each sample in two separate reactions, with each conversion analysed in duplicate reactions. FREE2 DNA methylation analysis was performed using MS-QMA, as previously described \[[@B43-ijms-20-03907]\]. Specifically, ninety-six samples were bisulfite converted at a time (3 controls and 93 unknown samples per plate) and were serially diluted four times post-conversion. These included positive and negative control cohorts used as reference data in this study, as well as samples in question from B1, B2, and C1. The bisulfite converted DNA was then transferred into a 384 well format for real-time PCR analysis utilizing MeltDoctor™ high-resolution melt reagents in 10 µL reactions, as per the manufacturer's instructions (Life technologies, Foster City, CA, USA). A unique primer set was used for real-time PCR that targets specific CpG sites within the Fragile X-Related Epigenetic Element 2 (FREE2) region, at the *FMR1* exon1/intron 1 boundary \[[@B43-ijms-20-03907]\]. The annealing temperature for the thermal cycling protocol was 650 °C for 40 cycles. The ViiA™ 7 Real-Time PCR System (Life technologies, Foster City, CA, USA) was then used to quantify the DNA concentration of the unknown samples using the relative standard curve method post bisulfite conversion, by measuring the rate of dye incorporation into double stranded DNA. To progress to the next stage of the MS-QMA analysis, the unknown samples had to be within this dynamic linear range.

The products from a methylated and unmethylated FREE2 sequence were then separated into single strands in the temperature range of 74 and 82 °C as part of the high-resolution melt step that followed the real-time PCR in a close tube format. The HRM Software Module for ViiA™ 7 System was then used to plot the rate of PCR product separation to single strands, with the difference in fluorescence converted to Aligned Fluorescence Units (AFU).

The AFU conversion to the methylation percentage was performed at 78 °C, and all of the above quality control steps, were analysed simultaneously for 384 reactions at a time using Q-MAX software (Curve Tomorrow, Melbourne, Australia), developed to automate the process.

This software utilizes a custom-designed computer algorithm to simultaneously perform multiple quality control checks to determine DNA concentrations and quality post-bisulfite conversion using raw RT-PCR and high-resolution melt data for all dilutions from each bisulfite reaction. The high-resolution melt data for those sample dilutions outside the QC ranges were discarded from the quantitative methylation analysis by Q-MAX software, and were not used for the final aggregate methylation ratio calculation. The high-resolution melt profiles discarded from quantitative assessments by Q-MAX, however, were used for visual assessments for the presence or absence of abnormal methylation compared to control melt curves ([Figure 3](#ijms-20-03907-f003){ref-type="fig"}). Males were considered to have positive MS-QMA results if they had \>2% methylation derived through Q-MAX and/or one of more high-resolution melt curve profiles that had derivative high-resolution melt plots with the presence of a peak originating from methylated alleles, at the same melting temperature as in FXS male controls ([Figure 3](#ijms-20-03907-f003){ref-type="fig"}).

4.5. Methylation Analysis and CGG Sizing Using Southern Blot and AmplideX PCR {#sec4dot5-ijms-20-03907}
-----------------------------------------------------------------------------

Methylation-sensitive Southern blot analysis of the *NruI* restriction site within the *FMR1* CpG island was performed for the two brothers' venous blood DNA samples, using a fully validated methylation-sensitive Southern blot procedure with appropriate normal and abnormal controls, as described previously \[[@B48-ijms-20-03907]\]. The *FMR1* CGG repeat size was assessed using a fully validated PCR assay with a precision of +/− one triplet repeat across the normal and grey zone ranges, performed using a fragment analyser (MegaBACE, GE Healthcare, Chicago, Illinois, IL, USA), with the upper limit of detection of 170 repeats, as described previously \[[@B49-ijms-20-03907]\]. CGG sizing using both brothers' BEC, saliva, venous blood, and fibroblast (only B2) DNA was also performed using the AmplideX^®^™ *FMR1* PCR Kit as per the manufacturer's instructions \[[@B50-ijms-20-03907]\] (Asuragen, Austin, TX, USA). The *FMR1* CGG size in DNA extracted from venous blood from the two brothers was further investigated by Southern blot testing at the Victorian Clinical Genetics Services (VCGS) (without the use of methylation sensitive restriction enzymes), as described previously \[[@B48-ijms-20-03907]\].

4.6. Melting Curve Analysis (MCA) to Determine the Presence of Expanded FMR1 Alleles {#sec4dot6-ijms-20-03907}
------------------------------------------------------------------------------------

Five prime and 3′ MCA high-resolution melt analyses were also undertaken in the BEC, saliva, and venous blood DNA of both brothers, in the fibroblasts DNA of B1, and in the venous blood DNA of C1, as per the manufacturer's instructions for the FastFraX commerical kit (Biofactory, Singapore) \[[@B35-ijms-20-03907]\]. Specifically, 5′ and 3′ PCR reactions were performed for each sample, with each assay having one of the primers anchored at one end of the CGG repeat. Each assay contained 5 units of HotStarTaq DNA polymerase (Qiagen), 2.5× Q-Solution (Qiagen), 1× of the supplied PCR buffer (Qiagen), 0.1× SYBR Green I nucleic acid dye (Roche Applied Science, Upper Bavaria, Germany), and 50 ng genomic DNA. The 5′ PCR used a deoxynucleoside triphosphate mix consisting of 0.2 mmol/L each of dATP, dTTP, and dCTP, and 0.1 mmol/L each of 7-deaza-2′-dGTP (7-deaza-dGTP) and dGTP (Roche Molecular Diagnostics, Upper Bavaria, Germany). The 3′-PCR used a deoxynucleoside triphosphate mix consisting of 0.2 mmol/L each of dATP, dTTP, dCTP, and dGTP, and primer sequences and concentrations as previously described \[[@B35-ijms-20-03907]\], with primer locations indicated in [Figure 2](#ijms-20-03907-f002){ref-type="fig"}A. The 5′ and 3′-PCR reactions were performed separately under identical thermocycling conditions in a ViiA™ 7 Real-Time PCR System (Life technologies, Foster City, CA). An initial denaturation step at 95 °C for 15 min was followed by 40 cycles of 99 °C for 2 min, 65 °C for 2 min, and 72 °C for 3 min, and then a final extension step at 72 °C for 10 min. PCR amplicons were then melted (after completion of the PCR program), consisting of denaturation at 95 °C for 1 min, a temperature-hold step at 60 °C for 1 min, and a temperature ramp from 60 °C to 95 °C at a rate of 0.01 °C/s. Reference male samples were co-run with the samples in question, including an FM (530 CGG), a PM (170 CGG), and a normal size (NS) control (30 CGG). Positive and negative calls were made based on the presence or absence of the difference in the profile fluorescence at the melting temperature threshold (85 °C for 5′ MCA; 90 °C for 3′MCA) compared to male reference samples.

4.7. Sanger Sequencing {#sec4dot7-ijms-20-03907}
----------------------

Sanger sequencing of the 3′ MCA *FMR1* exon 1 binding site inclusive of the ATG translation start site, and surrounding regions was performed at the Australian Genome Research Facility Ltd in blood of B1 and B2, and compared to 2 reference samples from typically developing controls co-run with these samples. The data was re-analysed at the Victorian Clinical Genetics Services (VCGS), using Mutation Surveyor® V4.0.9 software (SoftGenetics®, State College, PA, USA) to detect and report SNPs as previously described \[[@B51-ijms-20-03907]\].

4.8. FMR1 mRNA Analysis {#sec4dot8-ijms-20-03907}
-----------------------

Gene expression analyses were performed using reverse transcription real-time quantitative PCR (RT-PCR) on a ViiaTM 7 System (Life Technologies, Global), with the relative standard curve method as described in Kraan et al. \[[@B52-ijms-20-03907]\]. The mean 5'and 3′ *FMR1* mRNA levels were normalized to the mean of *EIF4A2* and *SDHA* mRNA levels used as internal controls, expressed in arbitrary units (a.u) \[[@B52-ijms-20-03907]\]. The summary measure used for mRNA expression levels for each participant was calculated by averaging the four arbitrary unit outputs originating from the two separate cDNA reactions, with each of these analysed in two separate RT-PCR reactions, performed for each RNA sample \[[@B52-ijms-20-03907],[@B53-ijms-20-03907]\].
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![(**A**) Family pedigree, with expansion sizes from AmplideX testing. None of the individuals had manifested symptoms consistent with fragile X syndrome or fragile X-associated disorders, such as Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) or Fragile X-associated Primary Ovarian Insufficiency (FXPOI). The brothers' have two half-sisters, one of which was identified as carrying a premutation (PM) allele and the other as carrying a normal fragile X mental retardation 1 (*FMR1*) allele. B1′s cousin (C1) was identified at 1 year and 11 months of age as carrying an *FMR1* PM allele of 66 CGG repeats. (**B**) Methylation-sensitive Southern blot analysis of the *NruI* restriction site within the *FMR1* CpG island in blood. The DNA samples from the two brothers in question are located in lanes 5 and 6. B2 has a 223 CGG unmethylated allele, while B1 has a 190 CGG repeat unmethylated allele. A typical female (CGG \< 44) is in lane 1, while typical males (CGG \< 44) are in lanes 3 and 4; and a full mutation (FM) female with a 100% methylated 580 CGG allele is in lane 2. The numbers superimposed on the blot indicate CGG sizing. The lower limit of detection for the Southern blot analysis of FM alleles on a normal allele background is 20%. (**C**) Photos of B1 and B2 at the ages of 5 and 2 years, respectively; written informed consent was obtained from the mother of the brothers to include these images in the publication (**D**) Photos of B1 and B2 at the ages of 10 and 7 years, respectively; written informed consent was obtained from the mother of the brothers to include these images in the publication. Note: Comparator DNA used of methylation-sensitive Southern blot analysis in (**B**) were also sized using standard CGG sizing PCR.](ijms-20-03907-g001){#ijms-20-03907-f001}

![(**A**) Organization of the fragile X mental retardation 1 (*FMR1*) 5′ region, including the cytosine-guanine-guanine (CGG) expansion and primer binding site locations for AmplideX CGG sizing PCR, FastFraX High-Resolution Melt Analysis, and Methylation-Specific Quantitative Melt Analysis (MS-QMA), in relation to Fragile X-Related Epigenetic Element 2 (FREE2); the *FMR1* CpG island and methylation sensitive restriction site *NruI* analysed using routine fragile X Southern blot testing; and two *HpaII* sites targeted by AmplideX methylation PCR. Note: The *FMR1* translation start site is indicated in red overlapping with FastFraX 3′ melting curve analysis (MCA) primer. (**B**) AmplideX triplet-repeat primed long range PCR results for B1 and B2, for blood, buccal, saliva, and fibroblast DNA. Note: a reference sample co-run with the samples in question is included as the AmplideX sizing control in (**B**).](ijms-20-03907-g002){#ijms-20-03907-f002}

![Derivative curve high-resolution melt profiles and mean methylation output ratios of CpG sites located within the Fragile X-Related Epigenetic Element 2 (FREE2) region assessed using Methylation-Specific Quantitative Melt Analysis (MS-QMA) between different tissues for (**A**) B1 and (**B**) B2. (**C**) DNA samples from lymphoblasts of a fragile X syndrome (FXS) male with the fragile X mental retardation 1 (*FMR1*) promoter 100% methylated spiked with DNA from a typically developing control (cytosine-guanine-guanine (CGG) \< 44) with the *FMR1* promoter 0% methylated. These samples were mixed at different ratios for the MS-QMA methylation reference curve, with the expected % of methylation indicated on the plot for each derivative curve profile.](ijms-20-03907-g003){#ijms-20-03907-f003}

![Comparison of fragile X mental retardation 1 (*FMR1*) mRNA levels in blood in the probands, control, premutation (PM), full mutation (FM) only, and PM/FM mosaic reference cohorts. Note: Control reference ranges included in blood of females (age 22 to 54 years; cytosine-guanine-guanine (CGG) \< 44) and males (age 7.7--8.1 years) typically developing (TD) controls; males with PM alleles (3.4 to 23.6 years); and males with FM only alleles and PM/FM mosaic alleles (1.89 to 43.17 years). Control children had no family history of developmental delay and their mothers had CGG size \< 44.](ijms-20-03907-g004){#ijms-20-03907-f004}
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